Analysis and wind tunnel testing performed as part of a development program for a family of ducted fan unmanned aircraft has generated a significant database of wind tunnel data. These include force and moment data as well as duct lip surface pressures over a range of flight velocities, fan speeds, and vehicle tilt angles. In recognition of the need for a simple, lightweight, and robust air data system for this class of UAV, a study was undertaken to correlate duct pressure data to freestream flow velocities. Sample pressure data and a simple correlation methodology is presented in this paper. Results from this study indicate a strong correlation is present between duct pressures and freestream flow velocities, with very good system sensitivities at flow speeds at and well below 5 knots for the vehicles studied. 
I. Introduction
HE development of small, compact ducted fan hovering aircraft transitioned from manned attempts in the 1950's to unmanned development programs in the latter part of the 20 th century. It is desired to develop these aircraft as small "aerial robots", functioning as robust, autonomous camera positioning devices that are able to function autonomously, monitoring selected locations by hovering in place or to survey a larger area using a higherspeed horizontal cruise mode of flight. Certain advantages are also gained if these vehicles can land, monitor, and take off again at a later time (the "perch-and-stare" scenario). The vehicles shown in Figure 1 are part of the history in the development of ducted fan unmanned aircraft, and are prime examples of this class of vehicle. The Aerobot, AROD, and iStar OAV vehicles are described in references 1-3 respectively. The Aurora GoldenEye is a more recent ducted fan UAV, and is designed to accept a pair of freewings to provide lift during extended cruise mission legs 4 . A common key attribute of this class of vehicle is a single ducted fan unit that dominates the overall airframe for each craft, as well as the aerodynamic characteristics of the vehicle.
Research and development efforts culminated over the last decade in the form of the Honeywell RQ-16 THawk TM , the first ducted fan VTOL aircraft to be produced in substantial numbers. This vehicle was developed as a DARPA Advanced Concept Technology Demonstrator (ACTD) to test the utility of a man-portable VTOL UAV for improved situational awareness at the small unit level. This aircraft, shown in Figure 2 , is capable of carrying a multiple camera payloads at density altitudes up to and over 10,000 feet for 45 minute flights 5 . Since 2007, different versions of this basic aircraft have gone through thousands of test flights, demonstrations, operational exercises, as well as use in theater with different US military customers. More recently, the T-Hawk TM was used in the spring of 2011 to provide detailed, close up video imaging and radiation sensing of damaged nuclear power facilities in Japan (the Fukushima Daiichi facility) 6 . A VTOL UAV's ability to hover in one location, providing surveillance data continuously over a single area, is seen as a substantial benefit to the user community. The use of a ducted fan was selected as one of the preferred propulsion solutions for these aircraft because of safety in tight quarters as well as improved payload capacities for a given vehicle size. The duct diameter of these "man-portable" vehicles ranges from less than 12 inches (small enough to fit in a soldier's backpack) to over 2.5 feet (man-portable when disassembled, or as a complete assembly in a transport vehicle). Primarily designed to be autonomous aerial robots, ducted fan UAVs need to be capable of flight in a wide range of atmospheric conditions, especially unsteady or turbulent winds. Maintaining vehicle attitude and position control despite wind gusts is a key issue facing the designers of these aircraft. Wind tunnel research using powered models at Techsburg was supported in parallel programs by Honeywell (DARPA) and the US Army. This program looked at the Honeywell family of ducted fan vehicles, collecting basic wind tunnel data for aerodynamic modeling and also focused on improved understanding of ducted fan aerodynamics 7 and vehicle control in forward flight 8, 9, 10 . Figure 3 shows the fundamental characteristics of longitudinal forces (lift, drag, pitching moment) for a vehicle utilizing a single fixed ducted fan for lift and forward propulsion. In hover or low speed flight, a substantial fraction of the lift force is borne by the suction pressure around the duct lip (usually between 40% to 60% depending on duct geometry). The pressure distribution on the duct lip is very sensitive to the freestream flow, with a suction peak developing on the windward side of the duct resulting in a destabilizing pitching moment. The natural tendency of the vehicle to tilt away from a crosswind gust must be overcome by the vehicle control effectors, resulting in equilibrium flight at a tilt angle into the oncoming wind (in the direction of forward flight). This condition is shown in Figure 3c . Note that the body axis coordinate system used here, borrowed from helicopter coordinate systems, requires a negative angle of attack for forward flight. Servo-controlled vanes in the duct exit flow are very typical approach for control effectors for these vehicles (see Figure 5 are at or near trimmed flight condition. For some regions of equilibrium flight, the duct lip flow inboard of the windward lip is separated, but this does not appear to have an adverse impact on vehicle controllability. On the contrary, it is a helpful characteristic as the duct destabilizing pitching moment is reduced when the peak suction pressure is decreased by this flow separation.
A. Overview of Basic Aerodynamic Characteristics

B. Summary of Honeywell Wind Tunnel Test Program
Techsburg, Inc., a small company near Virginia Tech, was responsible for the majority of the wind tunnel and static testing of the Honeywell family of ducted fan UAVs. Electrically-powered wind tunnel models were used to study the aerodynamics characteristics of these vehicles in hover as well as higher speed forward flight primarily using the Virginia Tech Stability Wind Tunnel. Honeywell also conducted a full-scale test of a 31-inch diameter vehicle in NASA Langley's 14x22 open jet facility. Zero to fifty knots was a typical test speed envelope, and model pitch angles usually varied from -90° to +10°, but some testing all the way to +90° was performed when possible (NASA Langley and testing in the Virginia Tech Stability Tunnel plenum). The resulting body of force and moment data over a range of pitch and yaw angles, velocities, and thrust settings resulted in a very comprehensive set of data used by Honeywell for control system design and development for these vehicles. Honeywell team member AVID, LLC was responsible for processing this data into a Wind Tunnel Aerodynamic Model (WAM) for Honeywell 13 , which was used for vehicle simulations and was also used by the embedded flight control software. In work sponsored by the US Army
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, engineers at Techsburg also investigated non-traditional means of controlling this class of UAV. Modifications to the aft-duct mounted control vanes, as well as additional duct control effectors were added to the wind tunnel models to understand how to maximize control authority for better control in gusty, turbulent flight conditions.
Toward the latter part of this research, simulations of the vehicle flight control system with different control effector characteristics were examined to quantify the possible improvements over the traditional vehicle control vanes. These analyses were carried out with various levels of simulated atmospheric turbulence to test the limits of the control system. In addition, vehicle simulations were carried out with and without the presence of an on-board relative wind estimator. Due to its small size and inherent relative wind sensing difficulties, the vehicle shown in Figure 2 carries no on-board wind instrumentation. Relative wind speed is estimated using inertial and GPS navigation data, along with a "wind estimator" algorithm built into the control software. This approach is adequate for control of the aircraft, but it is recognized that an air data system for measuring the relative wind would improve the aircraft's ability to fly in turbulent or windy conditions.
As part of the US Army research program, the effects of accurate relative wind sensing on the overall controllability, tracking improvements, and survivability of the vehicle were explored through simulation. The results indicated that use of a perfectly accurate instantaneous relative wind sensor provided a 75% reduction in vehicle departures for the flight conditions investigated 9 . These results highlighted the need and potential benefits for wind sensing that is practical and effective for use on small ducted fan vehicle. This paper describes a unique concept for relative wind sensing along with the supporting experimental data analysis using wind tunnel data from two different ducted fan UAV tests. Successful correlation of pressure data into a highly sensitive velocity sensing scheme formed basis of a US Patent from this work 14 .
II. Initial Development of Ducted Fan Air Data Sensor Concept
Analyzing and documenting the need for an air data system for measuring relative wind is a non-trivial task for this class of UAV. The difficulty of realizing an air data system for a ducted fan aircraft arises primarily from the fact that the vehicle operates at low speeds, yet creates its own local flow field comprised of relatively large velocities present in the induced duct flow. An example of this is shown in Figure 5 , which shows a CFD solution of a simplified duct model at hover as well as flying at 30 ft/sec. The ideal air data system would reliably sense freestream velocities of 3 ft/sec and up, from any direction, and at any vehicle tilt angle. Traditional air sensors would need to be boom mounted up to 2 duct diameters away from the aircraft, and would have difficulty sensing very low speed flow perturbations. Accurate sensing of even low speed gust and velocity fluctuations is important, as the momentum drag from the ingested crossflow is relatively high compared to open rotor vehicles, such as helicopters 7 .
A. Summary of tMAV Pressure Data Measurements
Early results from duct lip pressure measurements on a tMAV duct model in the Virginia Tech Stability Wind Tunnel are shown Figure 7 and Figure 8 . These results were briefly reported in reference 10, and are examined in more detail here due to their significance in understanding the operating principle of a duct lip pressure-based air data system.
The details of the model used for this first test are shown in Figure 7 . The purpose of the test was a basic investigation of duct lip pressures and correlation to pitching moment results in support of Techsburg's US Army research program 11 . Pressure taps were designed into the rapid prototyped (SLA) duct quadrants every 10°, and the model could be rotated about its z-axis to survey a complete 360°. The duct chord location for the taps was selected to be near the suction peak, but upstream of the area subject to separated flow over most of the vehicle's flight envelope.
The direction of the fan rotation (Figure 7a ) is important in understanding the lip pressure results. For the duct quadrant from 270° to 360°, the fan is advancing into the crosswind direction. This flow condition favors stronger inflow into the duct and maintains attached flow on the lip to a greater extent. For the duct quadrant from 0° to 90°, the fan is retreating away from the crosswind direction. This flow condition favors a weaker inflow into the duct as the fan is not producing the same pressure rise when moving away from the crossflow. The duct lip flow on this quadrant will usually separate much earlier than seen on other parts of the duct.
From Figure 8aFigure 7 , it is clear that the largest pressure difference on the duct is seen in the difference between the windward side (0° experiences peak suction pressure) and the leeward side (180° experiences weaker suction pressure). A pressure differential for a particular flow condition is defined as p = p windward -p leeward (1) Results for this duct pressure differential (windward pressure -leeward pressure) for a variety of test cases are shown plotted together in Figure 8b .
In both these plots, pressure data affected by separated flow are indicated by red circles. In Figure 8a , the flow in this region of the duct lip is weakly or intermittently separated, but is significant enough to cause an asymmetry in the circumferential pressure data. In Figure 8b , the calculated pressure differentials (p) are shown, and separated duct flow cases can be easily seen. Duct lip flow separation is more likely to occur as one would expect:  as the freestream velocity increases, and  as the vehicle pitch angle or angle of attack becomes more upright (closer to a hover orientation). In each of these cases, the freestream velocity across the duct face (parallel to the duct face) is increasing. The presence of even a small bias (due to the freestream flow) in the duct induced is easily detected by measuring the pressure differences around the duct lip. This effect can be loosely described as a "fluidic amplification" of the freestream flow.
Apart from the test data affected by separated flow, the overall trends for the attached flow data were very encouraging for correlation of the pressure differential (p) to freestream velocity. For a given vehicle angle of attack and fan speed, the pressure difference increased steadily with increasing freestream velocity with sensitivities much larger than a traditional pitot-static measurement. The sensitivity of p vs. freestream velocity was largest for smaller duct angles (angles closer to hover orientation).
Moving forward in development of a ducted fan air data sensor required two improvements: 1) duct pressure data collected in a location that was highly resistant to flow separation, yet still near the peak duct suction location, and 2) pressure data collected over a very wide range of test conditions (freestream velocities, vehicle , and fan speeds).
As described in the next section, both these needs were addressed during Honeywell wind tunnel testing for the DARPA OAV-II program. 
III. Analysis of Detailed Pressure Data and Description of Sensor Correlation Model
As part of the DARPA Organic Air Vehicle II (OAV-II) program, Honeywell designed a 31 inch diameter ducted fan UAV. As an interesting side note, the Aurora GoldenEye aircraft was also funded under this same DARPA program. In support of this program, a full-scale model was tested by Honeywell in NASA Langley's 14x22 open jet tunnel in February 2006 (see Figure 6d ). The powered model was instrumented for force and moment data using a sting balance, and circumferential and chordwise duct lip pressure taps were integrated into the fiberglass and aluminum model ( Figure 9 ). Mean pressure data was collected for every flow condition tested (, V, and fan speed combinations), resulting in a large volume of results to analyze and support development of the air data sensor. A summary of the approach used to arrive at a data correlation is given in this section.
A sample of the circumferential pressure distribution at a tunnel speed of 20 knots (~35 ft/sec), and a pitch angle of -20° is shown in Figure 10 for three different disk loadings (three fan speeds). An important note when looking at this plot -the windward reference point is shifted 180° from the data shown in Figure 8 . Windward (min pressure) is now 180°, and leeward (max pressure) is at 0°. Also of interest is the fan rotation for the OAV-II vehicle is opposite the tMAV/T-HAWK TM vehicles, so the pressure asymmetries will be reversed when comparing the two different vehicles.
Chordwise pressure distribution data is shown in Figure 11 for two tunnel speeds at a pitch angle of -20° and fan speeds of 2500, 3000, and 3400 rpm. The relative differences in pressure values between the different disk loading cases are similar to that shown in Figure 10 . This chordwise pressure data was examined for many different flow speeds and vehicle pitch angles, and a point was selected for performing the p analysis for the air data sensor. The particular location selected is indicated in Figure 11 by the red circles, and is about 0.25 inches below the duct lip highlight (z tap = 0.25 inches). This location maintained attached flow over most of the tested flight envelope yet was still very near the peak suction location on the duct lip. The data for this particular case show an approximate sensitivity of 0.028 psi/knot, for speeds from 10 to 20 knots. This sensitivity is roughly 40 times that of a pitot-static sensor at 15 knots. Analysis shows that the p values (not p, but p) should scale linearly with fan rotational speed, so to collapse the pressure data onto one curve regardless of fan speed, simple division of p by n (the fan speed in cycles/sec) is all that is required. To correct all cases regardless of air density, division by the density ratio is required. Performing normalization of p = p windward -p leeward for all possible cases gives sets of p vs. velocity for each pitch angle. Figure 12 shows a comparison sample of the change in sensitivity of p vs. velocity for two different pitch angles ( = -10° and  = -20°). As mentioned previously, this example shows the increase in sensitivity as the vehicle tilt is more upright. This means the wind sensing approach is particularly well suited for very low speeds when the tilt angle is in the 0° to -10° range. Figure 13 shows the sensitivity of the p vs. velocity curve fit from  = 0° to -90° (where the sensitivity drops to zero since p becomes zero regardless of speed for freestream flow coming straight into the duct). The change is slope vs. change in angle of attack can also be approximated as a linear relationship. A simple flow chart documenting this procedure is shown in Figure 13 . The pitch angle input would come from the vehicle inertial system, and the assumption would have to be made that the vertical component of relative wind is small compared to the horizontal component (the relative wind would be approximately parallel to the ground). A sample calculation of an air data system based on data from the OAV-II test is compared to pitot-static output in Figure 14 . For given velocities, actual dimensional pressures were calculated for different altitudes, load conditions, and vehicle pitch angles to determine the pressure sensor requirements for design of a system. These results indicate a relatively low-fidelity (and economical) sensor would be sufficient for measuring the duct lip pressures.
IV. Conclusion
The results of this investigation have shown that an air data sensor for a ducted fan vehicle is possible using duct lip pressure data in combination with the proper knowledge of the pressure data correlation to freestream flow, fan speed (vehicle disk loading), and vehicle angle of attack. The correlation is very linear, displays very good sensitivity (greatly improved over pitot-static sensitivities), and can be used at very steep vehicle angles, up to and past 0° as long as flow separation is not an issue. Vehicle flight simulation results showed significantly improved controllability in strong winds and turbulence if relative wind data information were available.
